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Abstract 
Today, we are experiencing a societal revolution with the development of digital technologies, and it brings 
new challenges. Indeed, the number of connected objects, intelligent sensors and IoTs are increasing exponentially. 
The same goes for the resulting energy consumption. Beyond 2030, without a radical transformation of 
communication technologies and protocols, the digital world will be at an energy dead end. All these objects are 
physically realized with microelectronic devices and systems. This analysis of the microelectronics community has 
led the French government to recognize an electronics sector that is becoming a priority area of industrial policy. The 
Strategic Committee of this sector has proposed innovations applied to the entire digital chain including all facets of 
the microelectronics field and human skills and know-how. The technological and energy issues are thus presented, 
and the proposed solutions were addressed. They concern both technological and human aspects. This paper ends by 
giving examples of the implementation of innovative approaches which essentially include the electronic functions 
involved in connected objects and which are intended to bring the know-how of future actors in the field. 
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1. Introduction 
It is globally recognized that we are experiencing a societal revolution with the development of digital technologies, 
connected objects and the Internet of Things (IoT) [1]. While this rapid evolution may seem easy and problem-free, in reality, 
it raises new and extremely important challenges. Indeed, the number of connected objects, smart sensors, Artificial 
Intelligence systems (AI) and IoTs is growing exponentially. All these objects, functions and systems take part in the Industrial 
Revolution 4.0. [2], which will involve many robots, collaborative robots [3], connected monitoring, and management. As a 
consequence, the resulting energy consumption of this digital world is growing exponentially as well. All of these objects and 
systems are physically realized using microelectronic and nanotechnological devices, circuits and systems, as well as smart 
sensors and actuators, opening the way to multidisciplinary applications [4]. Beyond 2030, without a radical transformation of 
technologies and communication protocols, the digital world will be in an energy dead-end and most likely also in a digital 
security dead-end [5]. 
This analysis by the microelectronics community has led to the French government's recognition of an electronics sector 
that is becoming a priority axis of industrial policy [6]. A Strategic Sector Committee has been set up, bringing together 
industry representatives, researchers and academic forces in the field of electronics and microelectronics. It acts as a structure 
for brainstorming and positions itself as a force for proposals to government ministries. It highlights innovative topics applied 
to the entire digital chain and which are part of the technical challenges. They will be applied to elementary components and to 
the architectures of electronic circuits and systems for the detection, processing and storage of information as well as signal 
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transmission. If these topics seem to be part of a classical approach, in practice the concepts to be implemented are new. Indeed, 
designers and manufacturers have tried in the past to bring new products with new functions to the market as quickly as 
possible, regardless of energy consumption and environmental impact. Their approach has been to implement the existing 
product using IP (intellectual property) and through improved integration, the size of the circuits and systems has not increased. 
In addition, in order to produce faster and cheaper, many companies have ceased their activities and relocated the manufacture 
of electronic devices and systems abroad, particularly, to the Far East. While this approach seems very good economically, in 
the long term it means a loss of skills and foreign dependency that can affect strategic sectors. This evolution generates new 
challenges that lead to a new strategy. This strategy must respond to an increase in human skills and know-how, both 
qualitatively and quantitatively, in order to meet these challenges. 
The main objective of this work is to describe the strategy adopted by the French industrial electronics sector and by the 
national academic network in charge of higher education in the field of electronics, microelectronics and nanotechnologies, in 
order to meet the challenges on both levels. The first one deals with the technological aspect with an innovative approach that 
particularly decreases the power consumption of all IoT applications. Note that the new connected objects are designed to save 
energy in many societal applications related to transportation or smart home for example [4]. The second one is the human 
aspect in the framework of improving knowledge and know-how in order to reduce the shortage of skills in this exponentially 
growing field. Future actors will have to ensure innovation in connected objects and their applications in all sectors of society. 
Thus, this document focuses successively on the strategy set-up by the microelectronics industry sector in France, on the 
detailed description of the technological and energy challenges that highlight human needs, and finally on the actions carried 
out within the national training network in microelectronics and nanotechnologies to train future actors in this field. Special 
attention is paid to the current contribution to training and to the innovation strategy that needed to meet future challenges. 
2. Digital Society and Microelectronics Links 
In order to fully understand the importance of the strategy and the challenges in the field of microelectronics, this first part 
deals with the situation of the field in the context of the future digital society. This evolution is global. However, in order to 
describe concrete actions, the case of France is highlighted. 
2.1.   Dependence of the digital society on the electronics sector 
The revolution of smart and connected objects coupled with the energy transition is affecting all sectors of industry and 
the growth of the next few decades will belong to those who can benefit from these technological innovations based on 
electronics [6]. Electronics is the essential industrial base for the production of digital equipment and systems. The electronics 
industries thus take a central place in the French industrial landscape and are at the heart of the digital transformation [7]. After 
several years of reflection and consultation, the electronics industry sector was found on March 15, 2019 by the General 
Directorate of Enterprises within the Ministry in charge of Economy, Finance and Industry [8]. 
The “electronic sector” is therefore at the heart of the societal evolution towards digital and connected objects (IoT, 
Internet of Things, Internet of Every-thing!). In France, it represents 1,100 companies and 230,000 jobs for a turnover of 15 
billion Euros [6]. In order to meet the challenges, this sector must master the 4 complementary pillars which are: 
(1) Technologies and electronic components including intelligent sensors to create data, 
(2) The connected objects to process, transmit and develop the associated services, 
(3) Power electronics to support the energy transition and the development of electric mobility, 
(4) Cybersecurity to build the confidence necessary for the development of electronic technologies in industry (cyber-physical 
systems). 
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2.2.   Major role of microelectronics, micro- and nanotechnologies 
Within this sector, microelectronics occupies a central place since all the objects involved in smart and connected objects 
are made up of electronic components, circuits and systems. The great majority of which are integrated and carry embedded 
software that provides the intelligence of the application devices. In addition, many new systems include passive devices and 
micromechanical elements for sensing or actuations. To resume, the connected objects are primarily made up of multiple 
microelectronic, microtechnological and communications devices [9] that are judiciously combined in a full system. 
This evolution has been made possible by the fabulous growth of microelectronic integration over the last sixty years. The 
number of elementary components in an integrated circuit has increased from a few units to a few billion thanks to the 
reduction of lateral dimensions in a plane [10]. Unfortunately, this reveals a physical limitation related to the distance between 
atoms and the quantum effects attached to them. But about fifteen years, this limitation has been overcome by playing on the 
third dimension [11], which makes it possible to have integrated systems of several thousand functions that can each contain 
billions of elementary components [12]. These results make it possible to have data processing systems in fabulous quantities 
in ever shorter times and have paved the way for connected objects, IoT, AI and the Industrial Revolution 4.0. All these aspects 
are taken into consideration in the strategy at the national level. 
2.3.   Main objectives resulting from the analysis of the French electronics sector 
The French electronics sector has established a strategic committee composed mainly of industrial members but also of 
academic members. The main goal of this strategic committee is to develop activities capable of meeting the challenges 
mentioned above. The committee has thus identified four key priorities in its work: 
(1) Maintaining excellence in key digital technologies by increasing R&D&I efforts and developing strategic partnerships; 
(2) Adapting skills by anticipating changing needs (employment and skills) and by developing work-linked training offer; 
(3) Promoting competitive "Made in France" electronics manufacturing; 
(4) Positioning the sector as a key player in the digital transformation by supporting SMEs in other sectors. 
Within the framework of these priorities, the strategic committee set up four working groups in 2019 that produced 
several documents proposing priority actions and objectives. The first priority directly concerns the purely technological 
aspects with the associated constraints and challenges. It mainly concerns the policy towards research laboratories and research 
development departments of companies. The second priority relates to the adaptation of skills and know-how, which presents a 
challenge in terms of training content at all levels and the number of people trained. Everything possible must be done to 
achieve these objectives that are:  
(1) Raising young people's awareness of the field in order to make it more attractive, 
(2) Initial training from technician to engineer level, 
(3) Advanced training through research to develop innovation, 
(4) Life-long training to enable the company's employees to adapt to innovative technologies. It is clear that we will focus on 
these two priorities that directly involve universal strategy and actions. To this end, it is useful to detail the different areas 
of scientific and technical expertise and know-how. In other words, we need to highlight the technical and technological 
Connected Objects and Challenges 
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3. Connected Objects and Challenges 
The digital society and future Industry 4.0 are based on internet of things (IoT). In terms of physical support, the basic 
system is the connected object that gathers many electronic functions. In addition, the connected object fills also a mission of 
control, monitoring processes or robots. In order to well select the skills and the orientation of the training, it is useful to 
highlight the several associated works, limitations and related challenges. 
3.1.   Usual architecture of a connected object 
The first mission of a connected object is to retrieve a physical, chemical or biological quantity by means of a sensor that 
transforms it into an electrical signal, amplifies and treat the signal, transmits it remotely to a processing system in order to 
have a feedback through the whole chain that can correct the original quantity. It is thus composed of an on-site part, a remote 
part and a communication system between the two. The connected objects must perform functions such as detecting a physical, 
chemical or biological analogue signal, transforming it into digital signals via converters, storing and transmitting it via 
communication protocols, receiving it in databases and data centers, analysis  processing centers, and performing the return 
chain to an actuator that can control the application phenomenon. Thus, all these objects have a common architecture as shown 
in Fig. 1, which includes sensors and actuators, electronic modules for signal processing, data transmission and reception 
modules, but also devices for monitoring, visualization, alarms, memorization, energy recovery and storage, etc. [9]. 
 
Fig. 1 Schematic architecture of a connected object. Many electronic functions are involved in the full system 
3.2.   Multiplication of connected objects and sensors 
As already mentioned, the enormous integration capacity of microelectronics allows multiplying not only the connected 
objects, but also the sensors and the IoT [13]. The number of these functions and objects is growing exponentially, as shown in 
Fig. 2 [14]. It is interesting to note that the development of heterogeneous integration has led to the development of sensor 
design and fabrication. For example, about thirty sensors are installed in a regular cell phone, while seventy are wired in a 
standard car. 
 
Fig. 2 Exponential growth rate of the number of IoT, connected objects and sensors; 
a direct effect of the microelectronics integration growth 
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3.3.   Energy consumption challenges 
The consequence of this exponential growth is that the energy consumed by connected objects is also growing 
exponentially and is becoming globally preponderant [15] as it will be shown below. Indeed, one gigabyte of data downloaded 
from the Internet sums up to 5.12 kWh [16]; loading a film online (equivalent to a 5GB DVD) consumes 25 kWh! According to 
recent literature, the contribution to this consumption is distributed as shown in Fig. 3:  
 
Fig. 3 Allocation of power consumption due to connected objects and IoT 
- 48% by data centers (servers, routers); 
- 38% by the end user (computer, smartphone, display, battery charging, screen power supply, life 
boxes, etc.); 
- 14% for communications (cables, optical fibers, repeater-amplifiers, Hertzian or satellite 
transmissions). 
 
Fig. 4 Expected exponential growth of the IoT electrical energy consumption 
without any change in the technologies of IoT and connected objects 
This distribution is approximate since some functions can be assigned to two different sectors. However, the total appears 
to be correct. As shown in Fig. 4, the electricity consumption due to IoT is multiplied by 2 each 4 years. In 2018, the electrical 
energy consumed by the implementation of connected objects reached 2,900 TWh, which corresponds to a permanent 
production of 320 GW out of the 8,800 annual hours and represents 11% of the world's electrical energy consumption [17]. At 
the beginning of 2020, the consumption was equivalent to about 3 times the energy consumption of world air traffic as shown 
Fig. 4. Let us notice that due to the global pandemic linked to “COVID-19”, the extrapolation of global air traffic beyond 2020 
has been strongly affected since these curves were drawn. 
Assuming current technologies are maintained, this global energy consumption could reach 124,600 TWh in 2040, which 
represents a permanent production of 15,000 GW or 15,000 nuclear reactors. This energy consumption is also equivalent to the 
global energy production in 2018, regardless of its source and form [18]. It is clear that this situation will become unrealistic 
and that major changes will have to be made in the design, technology, energy consumption of connected objects, the 
organization of manufacturing (Industry 4.0.) and the transfer and storage of data.  
In practice, the energy consumption of all physical objects will have to be considerably reduced. The first approach will 
consist in reducing the consumption of microelectronic devices and circuits, which account for a contribution close to 60%. 
Assuming that the reduction gradually reaches a factor of 10 over the next 20 years, we can expect an evolution of IoT-related 
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energy consumption as shown in Fig. 5. Global electrical consumption and IoT consumption in dash lines are issued of Fig. 4. 
Knowing that IoT consumption does not depend only on the hardware, instead of undergoing a growth in a ratio of 32, we 
should limit this growth with a ratio of 6.5. The annual electrical energy consumption of IoT is expected to reach nineteen 
thousand terawatt-hours, which is more appropriate for the planet (full lines) and therefore more realistic. However, global 
consumption of electrical energy will in any case be twice as high as it is today. 
 
Fig. 5 Expected IoT consumption and global electrical energy consumption in 2040. Decreasing 
significantly the consumption of electronics devices and circuits (dash line to solid line), should 
allow to limit the global electrical energy consumption to 57,000 TWh a year by 2040 
3.4.   Induced challenges on microelectronics technologies, integration, consumption, multidisciplinarity 
In order to achieve this reduction by a factor of 10, many challenges will have to be met. The challenges of the discipline 
thus appear at different levels. The works of the French microelectronics network and of the working group of the strategic 
committee of the Industrial Sector have concluded on the priorities. Although already presented in a previous document [18], it 
is however useful to recall the enumeration of the major points [13]: 
(1) The further miniaturization of elementary components in order to minimize their consumption both in operation and 
off-state by reducing leakage currents (tunnel effect); 
(2) Improving the performance of power components and their circuits in order to reduce both switching and static losses. 
These properties are very important for servers and data centers which have a huge permanent energy consumption; 
(3) The uses of the third dimension to improve circuit integration in order to minimize interconnection losses and improve 
reliability. Extensive studies will be required to control the power density to be dissipated in these three-dimensional 
structures; 
(4) Modification of the circuit architecture to separate useful active zones from zones that can be put on standby, a way to 
significantly decrease the permanent energy consumption of circuits; 
(5) The generalization of asynchronous control which should minimize the important losses linked to the synchronous power 
supply by the clocks of all the transistor control electrodes; 
(6) The implementation of new low-temperature and/or large-area technologies involving new materials (inorganic or organic) 
for which the electrical consumption can be several orders of magnitude lower; 
(7) The development of sensors and actuators in specific low-power technologies. These technologies will be able to be 
integrated thanks to the rapid growing heterogeneous integration, presently. Several of them will involve a 
multidisciplinary approach related to the application domain; 
(8) Optimization of communication devices and protocols to limit frequency band occupation and data flow to keep only the 
useful according to the mission profile. 
All these topics are introduced in the strategy of the Microelectronics industry sector and the national training network. 
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3.5.   Present shortages in human skills revealed by the strategic committee 
The technical and technological challenges can only be met if the future technicians, engineers, teachers and doctors are 
capable of dealing with the subjects mentioned and providing innovative solutions that meet the requirements. It is therefore 
necessary to provide initial and continuing training adapted to this evolution and allowing them to acquire a good basic 
knowledge of the technique but also the know-how indispensable for design and production [19]. Due to the increasing 
complexity of the discipline, training must be able to cover the basic knowledge that will have to be redefined, but also the 
acquisition of skills in highly specialized areas. This necessitates the adaptation of study content by introducing new concepts 
and pedagogical approaches, including more practical learning, but also a strong awareness of multidisciplinarity in relation to 
the fields of application [20], project-based learning and the ability to work and innovate in a multidisciplinary team.  
Currently, at the global level, companies in the electronics and microelectronics sector report a lack of applications in 
many skilled jobs. Training must fill this gap in the job market. This aim is in line with the missions of the French higher 
education training network in the field of microelectronics. 
4. The National Microelectronics Network in the Electronics Sector 
4.1.   Constitution of the CNFM network 
As already presented in the previous paper (18), this network is entitled CNFM for National Coordination for Training in 
Microelectronics and nanotechnologies [21], with an official structure as a GIP (for Public Interest Group). It is composed of 
twelve academic members who are respectively in charge of twelve common centers spread over the French territory, each 
center being common to several academic institutions located in the same geographic area [22]. The twelve CNFM common 
centers manage platforms and their technical facilities for practical hands-on training. Among the eighty technical platforms, 7 
cleanrooms are mainly dedicated to Education, but also allow research and transfer activities. National services for CAD 
(Computer-Aided-Design) tools provided by the Montpellier CNFM common centers are dedicated to all the national 
community and foreign partners of the network. Two industrial unions and especially the most representative association 
ACSIEL Alliance Electronics consortium [23] are also the members of the CNFM body and involved in the national electronic 
sector policy. They represent more than 150 industrial sites. 
4.2.   Concept and objective of the CNFM network 
The true essence of the GIP-CNFM network is to share technical platforms, which include technological processes, CAD, 
characterizations, and test. This sharing is mandatory due to the very high costs of equipment and functioning expenses. In 
addition, sharing pedagogical approaches between educators, and applying good practices towards students in initial training 
or even in Life Long Learning [24] is also a main educational target.  
 
Fig. 6 The microelectronic network is at the heart of the master plan. Innovative practice 
enables the know-how of future players in the electronics sector to be developed 
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The objective of the existing network is to provide a learning environment that allows the trainees to be immersed in a 
technological environment that prepares them for the industrial environment of the 21st century and more particularly for 
industry 4.0. Thanks to an eight years project entitled FINMINA [25], the policy of permanent innovation in the twelve centers 
of the network was boosted. It allowed to develop innovative platforms with original practice all along the eight years, from 
2012 to 2019 [26]. The strategy was therefore to create new practical training courses in line with the advent of the digital 
society. Fig. 6 summarizes the strategy to address the technological challenges while addressing the human challenges. 
4.3.   Main know-how training activities 
In the majority of cases, the innovative character of the training activities stems from the research activities carried out by 
the teacher-researchers of the academic institutions and members of the network. This research is very often conducted in 
partnership with corporate research and development centers, which makes it possible to direct them towards the expressed by 
the sector. Fig. 7 summarizes the two indicators of the network combining skills and objectives based on an innovative 
approach. 
 
Fig. 7 Positioning of the CNFM training network in the electronics sector strategy. Innovation 
must improve skills in the priority actions of the electronics sector 
Another point that needs to be stressed is the necessary complementarity of knowledge and know-how across the skill set 
[27-28]. This complementarity is more essential in the engineering disciplines and more particularly in microelectronics and 
whatever the technologies [29].  
Various examples of platform realizations and practical work that were recently set-up by the network are given below. 
They address all the mentioned aspects of the evolution towards digital, knowing that a good digital technology must solve 
many problems related to the analogue properties of electronics! They also concern the variety of application fields, which 
implies the use of physical/electronic, chemical/electronic, biological/electronic transducers, which are mostly miniaturized 
and integrated. Subjects range from classical electronics to microelectronics and nanotechnologies, from very low power to 
high power, including fast communication electronics and embedded electronics, systems-on-a-chip, lab-on-a-chip, and digital 
security systems, which gives them a multidisciplinary aspect. Subjects range from classical electronics to microelectronics 
and nanotechnologies, from very low power to high power, including fast communication electronics and embedded 
electronics, systems-on-a-chip, lab-on-a-chip, and digital security systems, which gives them a multidisciplinary aspect [29]. 
These techniques can implement multi-physical design tools, integrated silicon technologies, but also technologies based on 
new inorganic compound and organic materials and large-area thin-film devices for display or energy harvesting [30]. Finally, 
they also involve digital security (in the material and equipment meaning), reliability, and testing whether electrical, physical 
or physical-chemical from the human to the atomic scale.  
4.4.   Main results on innovative strategy of the network 
Detailed information on these activities is available on the network's website [22] and examples have already been 
presented in the literature according to their subject matter [28-31]. Fig. 8 shows several results of the innovative training 
strategy, which were provided by the network's inter-university centers. The topics concern technologies, designs, 
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characterizations, sensors and systems with a multidisciplinary approach as mentioned in the main objectives. On each selected 
image, the name of the center and the subject are displayed. All innovative practice topics are validated by the representative of 
the microelectronics industry in the framework of the general assembly of the official structure of the network (GIP-CNFM), 
whose president is also the president of the French union of the microelectronics industry. 
 
Fig. 8 Example of practice realizations by students in several network’s microelectronics inter-university 
centers. For each picture, the name of the center and the topic are displayed 
In fact, more than 80 practical and innovative learning platforms have been set up within the network over the last decade. 
Every year, nearly 6,000 users come to acquire know-how on these evolving platforms, with another 11,000 coming to the 
centers to acquire basic or awareness-raising know-how. This approach has an international interest, especially in China 
[32-33]. 
5. Conclusions 
In an environment of continuous and tremendous technological evolution for more than 60 years, the field of 
microelectronics allows the development of connected objects and the advent of Industry 4.0 applied to many areas (IoT) that 
are experiencing exponential growth. The societal stakes are considerable, and everything must be done to limit the energy 
consumption of the communicating systems that will invade our daily lives. These challenges will be met thanks to 
high-quality, innovative training to improve the performance of the associated electronics, which must on the one hand meet 
these economic and societal requirements, and on the other hand be in line with the priorities of the electronics industry, which 
has been undergoing restructuring since 2019. The GIP-CNFM, a joint national training structure, by providing students and 
technical staff of industrial companies with skills and know-how in the field, is positioning itself as a major player in symbiosis 
with the world of industry and research, and is helping to prepare for the future by increasing the pool of trainees both 
qualitatively and quantitatively. 
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